The A2BAR signals via cAMP. Cyclic AMP signaling has been shown to regulate MSC differentiation. Results: A2BAR KO mice have reduced differentiation of osteoblasts, a mild osteopenic phenotype, and impaired fracture physiology. A2BAR activation increases the differentiation of osteoblasts. Conclusion: The A2BAR regulates bone homeostasis. Significance: A2BAR signaling is a component of bone homeostasis, particularly after injury.
Bone health is a chief medical concern for the aging population, and the deterioration of bone is significantly correlated with fracture, disease, and a diminished quality of life (1) . Existing osteoporosis therapies reduce the risk of fracture by only 30 -40% (2) , and there are currently no pharmacological treatments to promote fracture healing and accelerate recovery.
However, it is estimated that 10% of all fractures in the United States show impaired healing (3), a figure that is likely higher in the aged population (4) . A clinical study investigating the effect of the osteoporotic therapy teraparatide (recombinant parathyroid hormone (PTH)) 4 on fracture healing gave inconclusive results (5, 6) .
The maintenance of bone is a complex balance of anabolism and catabolism, and the enhanced differentiation of new osteoblasts from their precursors, mesenchymal stem cells (MSCs), is one potential therapeutic target (7) . PTH has been particularly well studied, because it is a major regulator of bone metabolism. PTH signals through a G␣ s /␣ q -protein-coupled receptor and therefore signals, at least partially, through cAMP and PKA (8, 9) . In studying the mechanism of PTH action, cAMP has come to the forefront as an important signaling modulator for bone homeostasis, in particular osteoblast differentiation. To study the role of cAMP in osteoblast differentiation, investigators have pharmacologically manipulated intracellular cAMP levels or PKA activity in a variety of cell lines and primary cells, showing somewhat contradicting results. A large number of these studies have shown cAMP to positively affect osteoblast differentiation (10 -13) , although several have shown cAMP to be inhibitory (14, 15) . At the molecular level, these conflicting results are likely due to how cAMP is modulated, the concentration of intracellular cAMP achieved, and the duration of time that it remains elevated. For example, it was found that 10 M forskolin, an adenylyl cyclase activator, inhibited the differentiation of rat calvarial cells, whereas 1 nM increased differentiation (16) .
The A2BAR is also a G␣ s /␣ q -protein-coupled receptor. This receptor is activated when adenosine concentrations are in the micromolar range. Injury to bone results in increased extracellular ATP (17) that is subsequently metabolized by cell surface ectonucleotidases to adenosine (18) . In addition, the expression of the A2BAR is known to be up-regulated by stresses, such as inflammation (19) and oxidative stress (20) . The A2BAR is expressed in MSCs (18, 21) and/or osteoblast progenitors (22) .
Others have studied the role of adenosine receptors on MSC differentiation to osteoblasts. Cultured bone marrow cells derived from patients undergoing hip replacement showed the A2BAR to be expressed and that this increased during osteogenesis (18) . Based on expression and measurements of cAMP levels after agonist treatments of rat MSCs, Gharibi et al. (21) concluded that the A2BAR is the dominant receptor, relative to other adenosine receptors, and that its expression increases during differentiation. In human bone marrow-derived MSCs, A2BAR activation increased osteoblast differentiation, as determined by an increase in alkaline phosphatase activity (18) . Similarly, in rat bone marrow-derived MSCs, activation of the A2BAR increased Runx2 and alkaline phosphatase expression, as well as the staining of mineralized nodules with alizarin red (21) . These studies, however, relied on pharmacological approaches with a focus on in vitro systems and no verification of bone homeostasis in vivo.
Here, we show that the differentiation of MSCs into osteoblasts is impaired in A2BAR KO mice and that pharmacological activation of the A2BAR in bone marrow-derived MSCs can promote osteoblast differentiation, at least partially via cAMP signaling. In accordance, base-line bone density and bone fracture physiology are compromised in A2BAR KO mice.
EXPERIMENTAL PROCEDURES
Animals-All of the procedures were performed according to the Guidelines for Care and Use of Laboratory Animals published by the National Institutes of Health. Throughout this study, all of the animals received humane care that was in agreement with the guidelines of and approved by the institutional animal care and use committee of the Boston University School of Medicine. A2BAR KO mice were originally generated in our laboratory, bred onto C57BL/6J, and confirmed, also in our laboratory, by Bax MaxPCR-based gene marker analysis using MAX-BAX (Charles River Laboratories) (19, 23) . All in vivo studies were performed on adult males between the ages of 15 and 18 weeks old, unless otherwise indicated. Age-, strain-, and sex-matched wild type and A2BAR KO mice were used in all experiments. The time course of fracture healing had been established in this fracture model by both histological and selected candidate gene profiling (24, 25) .
Cell Culture Conditions and Assessment of ex Vivo Mineralization-The mice were euthanized, and the marrow cavity contents were flushed with growth medium consisting of ␣-minimum essential medium supplemented with 10% FBS and 100 units/ml penicillin/streptomycin. The cells were plated at 6 ϫ 10 6 cells/ml in growth medium. The cells were left undisturbed until day 4 of culture, when half of the medium was removed and replaced. On day 6 of culture, all of the medium was removed, and the cells were treated with osteoinductive reagents (10 Ϫ8 M dexamethasone, 70 ng/ml L-ascorbic acid, and 8 mM ␤-glycerophosphate, disodium salt), as described in Ref. 26 . The cells were grown at 37°C with 5% CO 2 . The medium was changed every 2 days. To assess mineralized nodules, the culture plates were fixed with 10% formaldehyde. Following fixation, the cells were washed extensively with deionized water, and the cell layers were stained with alizarin red solution (Millipore) (26) . Digital photographs of stained cell layers were taken from a fixed distance on a light box for illumination. Using Image-Pro Plus 5.1 software (Media-Cybernetics), an area of interest was created around the entire well. Using a histogram-based counting protocol at a fixed color setting, the stained area per well was quantified (26) . The data are presented as the percentages of change in quantified staining area in A2BAR KO samples relative to WT or to the vehicle-treated wells.
Agonist Treatment and cAMP Measurement-For cAMP analysis, the cells were treated with 1 unit/ml adenosine deaminase for 20 min prior to agonist treatment. The cells were treated with 200 M papavarine (a phosphodiesterase inhibitor) for 10 min prior to agonist treatment. The cells were treated with 10 M 5Ј-N-ethylcarboxamido adenosine (NECA) (27) , 100 M 8-bromoadenosine-3Ј,5Ј-cyclic monophosphate (8-brcAMP) (28), or vehicle (Me 2 SO) for 10 min, collected, and assayed for cAMP as described by the manufacturer (Enzo Life Sciences). The protein was measured by Bradford assay. For monitoring the effect on gene expression, the agonists were added to the culture at the time of osteoinduction, and RNA was collected after 24 h. For monitoring the effect on nodule formation, agonists were added at the time of osteoinduction and at the second medium change. The nodules were counted on day 6 of osteoinduction.
Mouse Femoral Fracture Model-A closed mid-diaphyseal fracture of the left femur was generated by controlled blunt trauma using a scaled down modification of the apparatus described by Bonnarens and Einhorn (29) . The mice were anesthetized, and a medial parapatellar skin incision was made, followed by a medial parapatellar incision into the quadriceps to the patellar ligament insertion, preserving the patellar ligament intact. An intramedullary pin entry point was created in the femur using a 25-gauge needle and then an intramedullary pin (the guide pin of a 25-gauge spinal needle) was inserted into the intramedullary space. The pin was cut, and the patellar ligament was returned to the original position. The skin was sutured with 3.0 suture. A subcutaneous dose of 0.5 mg/kg buprenorphine and 0.1 mg/kg penicillin was given to each mouse. For enrollment in our studies, the location and quality of fractures were assessed by x-ray analysis immediately after the fractures had been generated. A fracture whose configuration was inconsistent with our standardized placement criteria was not used in our studies. The mice were monitored and checked daily. The time course of fracture healing had been established in this fracture model by both histological and selected candidate gene profiling, as described in Refs. 24 and 25.
Specimen Harvesting-The procedures have been previously described (30) . Briefly, the animals were euthanized by CO 2 asphyxiation. The fractured femurs were collected, and those designated for microcomputed tomography (micro-CT; n ϭ 5 WT and A2BAR KOs) were fixed in 4% formaldehyde for 7 days. Femurs designated for RNA extraction (n ϭ 5 WT controls and A2BAR KOs) were cut at a distance of 5 mm on either side of the fracture. These fracture calluses were frozen in liquid nitrogen and then stored in Ϫ80°C until they were used for RNA isolation. For base-line measurements, the femurs of WT and A2BAR KO mice were collected and fixed for micro-CT and histology, or the mid-diaphyseal region was dissected out and stored for RNA isolation. Histology was carried out on callus tissues obtained on days 14 and 21 postfracture. The femurs were decalcified in 14% (w/v) EDTA and embedded in paraffin, and 5-micron transverse sections were taken. The slides were stained with Fast Green and safranin O and counterstained with hematoxylin. The figures are composites of multiple images taken at 4ϫ magnification. Immunohistochemistry for collagen type II, ␣1 (Col2a1) and aggrecan was performed after antigen retrieval with pepsin or chondroitinase, respectively. Primary antibodies were mouse anti-chicken Col2a1 and rabbit anti-mouse aggrecan (Millipore). Staining was detected using (3,3Ј-diaminobenzidine) peroxidase substrate kit for peroxidase (Vector Laboratories). For growth plate analysis, 4-weekold femurs were processed, sectioned, and stained as above. Histological measurements were made, as previously described (31), on the central three-fourths of the growth plate, and the lengths of the growth plate, proliferating zone, and hypertrophic zone were calculated as an average of 20 measurements per growth plate.
Quantitative Microcomputed Tomography-Micro-CT analysis of mouse femurs has been previously described (30) . Fractured bones were prepared for scanning by removal of the intramedullary pins. The scans were performed using a Scanco CT 40 system (Scanco Medical, Basserdorf, Switzerland) located in the Orthopaedic and Developmental Biomechanics Laboratory at Boston University. The scans were performed using a 12-micron voxel size resolution with 200 ms of integration time, under conditions of 55 E(KVp) and 145 I(A). Reference lines were manually adjusted on each individual bone to include the entire callus area.
Transverse images scanned by the micro-CT were then traced manually with a computer program and stacked to render a three-dimensional image of the callus or midshaft in the case of the nonfractured bone. Subsequent analysis of the scans was carried out using the software program supplied by the manufacturer of the micro-CT instrument. Measurements of callus density (volume fraction and mineral density) were made directly from the micro-CT image data of each specimen. For these measurements, the callus (including the portion of the callus in the medullary canal) was first isolated using a semiautomated segmentation procedure that excludes the original cortex. A global threshold algorithm was then used that applies a fixed, constant threshold to all specimens. A constrained three-dimensional Gaussian filter (filter width ϭ 0.8, filter support ϭ 1 voxel) was used to partially suppress image noise. The total callus volume, mineralized volume fraction, and mineral density were then calculated using standard algorithms provided by the system manufacturer. The mineral density was calculated with the aid of a standard curve obtained from weekly scans of a set of hydroxyapatite phantoms of five different mineral densities.
To measure growth parameters, the right femurs of WT and A2BAR KO mice at 4, 8, and 15 weeks of age were fixed in 4% formaldehyde and then scanned and analyzed as above. For cortical bone analysis, 0.6 mm at the middle of the bone was analyzed, and for trabecular bone analysis, 1.0 mm at the distal metaphysis was analyzed.
Mineral Analysis-The mouse bone marrow cultures were grown in osteoinductive media for 6 days. The cultures were washed with PBS, lyophilized, and shipped to the Musculoskeletal Repair and Regeneration Core Center at the Hospital for Special Surgery in New York for analysis. Freshly dried (120°C, 24 h) KBr (200 mg) was mixed with the samples, and pellets were made for spectroscopic analysis. For FTIR spectroscopy, samples from tissue culture wells were pooled. The specimens were scanned in transmittance on a Nicolet 4700 FTIR spectrometer. The spectra were collected from 400 to 2,000 cm Ϫ1 . First, a base line for the spectra was determined, and the mineral to matrix ratio was determined as the area under the phosphate peak (900 -1,200 cm Ϫ1 ) divided by the area under the amide I peak (1,585-1,720 cm Ϫ1 ) (32) . Quantitative RT-PCR-Total RNA isolation was prepared from (n ϭ 5) fractured calluses harvested on days 0, 3, 7, 14, and 21 postinjury in the following manner. The specimens were powdered in liquid nitrogen using a mortar and pestle. Total RNA was extracted by TRIzol, as previously described (25) . RNA was redissolved in TRIzol and extracted a second time. After isopropanol precipitation, RNA was dissolved in RNasefree water and further purified by using RNeasy mini columns (Qiagen). For cell culture, RNA was isolated with an RNeasy mini kit (Qiagen). RNA was reverse transcribed (Applied Biosystems), and gene expression was measured with Applied Biosystems reagents on an Applied Biosystems 7700 sequence detector. All of the gene expression assays used were TaqMan MGB expression assays with ␤-actin or 18 S rRNA used as endogenous controls. Gene expression relative to WT d0 or to vehicle treatment was calculated by the ⌬⌬C T method.
Statistical Analysis-The data are presented as the means Ϯ standard deviation. n represents the number of individual experiments with mouse/group, and each experiment is typically done in duplicates. Statistical comparison was done using two-tail Student's t test assuming equal variance or, when appropriate, a two-way analysis of variance followed by the Bonferroni multiple comparison test was applied. The data are considered significant when p Յ 0.05 (*). Analyses were performed with GraphPad Prism5 software.
RESULTS

MSC Differentiation to Osteoblasts Is Impaired in A2BAR KO
Mice-Because of the known effect that A2BAR activation has on cAMP levels (reviewed in Ref. 33 ) and the effect that cAMP levels have on osteoblast differentiation (10 -15), we examined whether the loss of A2BAR would alter MSC differentiation to osteoblasts. MSCs were prepared from the bone marrow of A2BAR KO mice and age-, sex-, and strain-matched WT mice. They were then induced to undergo osteogenic differentiation by growing the cultures in standard osteoinductive media (see "Experimental Procedures"). Cultures from WT and A2BAR KO mice showed no differences in total protein at the time of osteoinduction or days later (supplemental Fig. S1 ). At 9 and 12 days after osteoinduction, bone marrow from A2BAR KO mice showed fewer mineralized nodules, demonstrating a reduction in osteoblast differentiation in the absence of the A2BAR (Fig. 1A) . Using FTIR spectroscopic analysis (see "Experimental Procedures"), we validated that the accumulated mineral in both the WT and A2BAR KO cultures was apaptite. The data presented in supplemental Fig. S2 shows that the cultures accumulated mineral with typical characteristics of poorly crystalline hydroxyapatite.
We next examined the expression of the two transcription factors that are central to osteoblast differentiation, Runx2 and Osterix, before and after osteoinduction. Prior to osteoinduction, the cells cultured from A2BAR KO mice have a trend toward reduced Runx2 and Osterix expression compared with control (a t test applied to this time point only shows significant difference in Osterix expression). With osteoinduction, the increase in the expression of both Runx2 and Osterix is significantly attenuated in the A2BAR KO cells (Fig. 1B) .
A2BAR Activation Increases Osteoblast Differentiation-Because ablation of the A2BAR impairs osteoblast differentiation, we next tested whether activation of the A2BAR could increase differentiation. We treated bone marrow from WT and A2BAR KO mice with NECA, an A2-type receptor agonist, or vehicle, concurrently with osteoinduction. After 10 min of treatment, NECA significantly elevated cAMP levels in the WT cells, relative to treatment with vehicle ( Fig. 2A) . NECA had no significant effect on cAMP levels in the A2BAR KO cells, indicating that there is little contribution of the A2AAR, correlating with relatively low expression of the A2AAR in MSCs (18, 21) . To test the effect of A2BAR activation on nodule formation, NECA or vehicle was added at the time of osteoinduction (day 0) and at the second medium change (day 2). Nodules were counted on day 6 of osteoinduction. We found that treatment with NECA increased cAMP levels and the number of mineralized nodules in the WT bone marrow. Although not statistically significant, treatment of A2BAR KO cells with NECA tended to increase the number of nodules (Fig. 2B) . This is likely due to activation of other adenosine receptors after long term exposure to the ligand. NECA treatment of WT cells modestly increased the expression of Runx2 and Osterix as compared with treatment with vehicle (Fig. 2C) . There was no effect of NECA on Runx2 or Osterix expression in the A2BAR KO cultures (Fig. 2C) , indicating that the influence of NECA on gene transcription is due primarily to activation of the A2BAR receptor. Because the A2BAR can signal through activation of adenylyl cyclase and the up-regulation of cAMP, we predicted that cAMP is at least one of the signals responsible for up-regulation of Runx2 and Osterix. Treatment of WT cultures with the cAMP analog 8-brcAMP highly increased intracellular cAMP levels (8-fold over vehicle-treated; data not shown), increased Osterix expression, and tended to augment Runx2 expression (Fig. 2C) . Considering these latter data, we are not ruling out the possibility that signaling pathways other than cAMP are needed for full up-regulation of Runx2 and/or that finer tuning of cAMP levels is important for the control of Runx2 expression. Whereas treating A2BAR KO cultures with NECA did not up-regulate Osterix expression, treating these cultures with 8-br-cAMP, and therefore bypassing the receptor signaling, did significantly increase Osterix expression (Fig. 2C) . This supports our hypothesis that cAMP signaling upon A2BAR activation is at least partially responsible for the augmented Osterix expression.
Of note, despite an increase in Osterix expression after a 24-h exposure to 8-br-cAMP (Fig. 2C) , longer treatment (at days 0 and 2 of osteoinduction) caused a significant decrease in nodule FIGURE 1. Genetic ablation of the A2BAR leads to impaired osteoblast differentiation. A, bone marrow cells were collected from WT and A2BAR KO mice and cultured in osteoinductive medium (see "Experimental Procedures"). The cultures were stained with alizarin red 9 and 12 days (d9 and d12, respectively) after osteoinduction to visualize mineralized nodules. The nodules were counted using ImagePro software. The data are presented relative to WT at day 0 and analyzed by analysis of variance (n ϭ 3). *, p Ͻ 0.01. When day 9 WT versus A2BAR KO are analyzed by a paired t test, the difference between them is statistically significant: p Ͻ 0.01. B, measurement of osteoblast differentiation markers, Runx2 and Osterix, before adding the osteoinductive reagents (d0) or 24 h post-treatment (d1). Expression was measured by qRT-PCR and normalized to 18 S rRNA. The data are presented relative to WT at day 0 and analyzed by analysis of variance (n ϭ 5). *, p Ͻ 0.05.
formation (supplemental Fig. S3A ). However, we found that this long exposure led to a decrease in total cell number and in total protein within the culture (supplemental Fig. S3B ), suggesting that the inhibition in nodule formation is due to a secondary inhibition of cell proliferation that masks the effect on Osterix up-regulation. These results are in agreement with previous studies showing high cAMP levels to inhibit proliferation (28) . Taken together, these data show that A2BAR ablation has a profound effect on osteoblast differentiation (Fig. 1) and that A2BAR agonism can modulate osteoblast transcription factor expression and enhance the number of osteoblasts generated in vitro (Fig. 2) .
A2BAR KO Mice Exhibit Impaired Bone Fracture PhysiologyTo assess the role of A2BAR in an injury response situation, we examined callus formation after fracture. Because fracture healing is dependent on the initial MSC differentiation into osteoblasts and chondrocytes (34), we hypothesized that the reduced potential of A2BAR KO MSCs to differentiate into osteoblasts would be manifested as reduced bone formation after fracture. The progression of tissue formation and mineralization within the callus was first quantified using micro-CT imaging. Micro-CT revealed that fracture calluses of A2BAR KO mice showed a smaller overall total volume, as well as a decrease in the ratio of bone volume to total callus volume at 14 and 21 days postfracture ( Fig. 3A ; differences at day 21 are significant with a t test applied to compare WT and KO at this time point only). Analysis of tissue sections supported these findings, because A2BAR KO sections had larger areas of cartilage staining that had not transitioned into mineralized bone tissue (Fig. 3B) . In addition, tissue from the fracture callus was dissected and analyzed by qRT-PCR. As reported earlier for this injury model, a significant up-regulation of Osterix and Runx2 should be observed, both during early periods of MSC differentiation at day 3 postfracture and later starting on day 7 postfracture when mineralized cartilage resorption and primary bone formation are initiated (35) . A2BAR KO mice tend to show decreased expression of Runx2 and Osterix at 3 days postfracture and show significantly decreased expression at 7 days postfracture, as compared with WT (Fig. 3C) . Although the level of expression of these factors equalized in the WT and A2BAR KO samples by day 14 postfracture, there was still a difference in the ratio of mineralized tissue volume to total callus volume 14 and 21 days postfracture. Such findings suggest that the A2BAR is involved in aspects of the skeletal repair process, and its absence leads to delayed progression of bone development during fracture repair in the A2BAR KO mice. Interestingly, the day 14 postfracture sections from the A2BAR KO mice are dominated by cartilage, compared with WT (Fig. 3B) , which is expected to delay normal fracture physiology (36) . The increased abundance of cartilage seen in A2BAR KO sections was validated by assessing the expression levels of chondrocyte markers, Col2a1 and aggrecan, which are elevated in the A2BAR KO fractures (Fig. 4A ). Further analysis with immunohistochemistry verified that the increased mRNA expression is translated into greater protein contents, based on the increased total amount of Col2a1 and aggrecan staining in the A2BAR KO as compared with WT ( Fig. 4B and supplemental Fig. S4 ).
FIGURE 2. Activation of A2BAR increases osteoblast differentiation.
A, bone marrow cells from WT or A2BAR KO mice were treated with vehicle (Me 2 SO) or 10 M NECA for 10 min. cAMP was measured by ELISA and normalized to total protein (n ϭ 4). *, p Ͻ 0.01. B, bone marrow cells from WT mice were treated with vehicle (Me 2 SO) or 10 M NECA at the time of osteoinduction and at the next medium change. Six days after osteoinduction, the cultures were stained with alizarin red, and nodules were counted using ImagePro software (as in Fig. 1 ). The experiment was repeated with A2BAR KO mice. A t test was then applied to within each experimental group (WT or A2BAR KO; n ϭ 4). *, p Ͻ 0.05. C, bone marrow cell cultures from WT mice were treated with vehicle (Me 2 SO), 10 M NECA, or 100 M 8-br-cAMP at the time of osteoinduction. Lower doses of 8-br-cAMP were also attempted, yielding variable results (data not shown). RNA was collected after 24 h. Runx2 and Osterix expression was measured by qRT-PCR and normalized to 18 S rRNA. The experiment was repeated with A2BAR KO mice. A t test was then applied to each experimental group (n ϭ 4). *, p Ͻ 0.05.
A2BAR KO Mice Exhibit an Osteopenic
Phenotype-Because the differentiation of MSCs to osteoblasts and chondrocytes during the formation of the fracture callus recapitulates skeletogenesis (34), we explored the role of the A2BAR on bone development. There is no difference in body weight between 15-week-old WT and A2BAR KO mice (Table 1) . Micro-CT The sections were stained with Fast Green (which depicts bone) and safranin O (which depicts cartilage) and counterstained with hematoxylin. The panel is a composite of 4ϫ magnified images. C, the mid-diaphyseal region (d0) or the fracture callus (days 3 (d3), 7 (d7), and 14 (d14) postfracture) of WT and A2BAR KO mice were dissected, and qRT-PCR was performed for the osteoblast transcription factors Runx2 and Osterix and normalized to ␤-actin. The data are presented as fold changes relative to WT d0. Analysis of variance shows a clear difference between WT and A2BAR KO at day 7. *, p Ͻ 0.01, and a trend at day 3. In addition, the difference between days 0 or 3 versus days 7 or 14 was statistically significant for WT and A2BAR KO and days 7 versus 14 for A2BAR KO. p Ͻ 0.01 (n ϭ 3). analysis of the cortical bone of the mid-diaphyseal region of 15-week-old femurs shows a statistically significant reduction in cortical thickness (Fig. 5) , which correlates with a lower bone volume relative to total volume, because total volume was not different (Table 1) . Additionally, these mice display a reduction in tissue mineral density ( Fig. 5A and Table 1 ). This shows that at 15 weeks of age, A2BAR KO mice display a mild osteopenic phenotype. Additionally, femurs of 15-week-old A2BAR KO mice were significantly shorter than WT, as measured with calipers ( Table 1) . Shorter femurs may be the result of impaired osteoblast differentiation during development; however, we cannot rule out other mechanisms, such as impairment in chondrocyte and/or growth plate development.
There are no significant differences in the cortical bone between WT and A2BAR KO mice at 4 or 8 weeks of age (supplemental Table S1 ). However, at 4 weeks of age, A2BAR KO mice have fewer trabeculae, a decrease in trabecular thickness, and an increase in trabecular spacing, as compared with WT mice (supplemental Table S1 ). Additionally, as in the 15-weekold mice, femurs of 4 and 8-week-old A2BAR KO mice are somewhat shorter, as compared with WT (supplemental Table  S1 ).
Analysis of the growth plates of 4-week-old WT and A2BAR KO mice shows no statistically significant difference in the total growth plate thickness, proliferating zone thickness, or hypertrophic zone thickness, but A2BAR KO growth plates are slightly larger (supplemental Fig. S5 and Table S2 ). Together, our results demonstrate that the A2BAR has an important role in the promotion of osteoblast differentiation and bone formation with development and after fracture. This role is, at least partially, through the control of the expression of osteoblast differentiation transcription factors.
DISCUSSION
MSC differentiation to osteoblasts plays a necessary role in development and postnatal growth and homeostasis (reviewed in Ref. 37) , as well as skeletal tissue repair after injuries such as fracture (38) . Although the origin of the osteoblasts involved in fracture healing has not been demonstrated unequivocally, experimental evidence is accumulating to support the hypothesis that some of the MSCs that contribute to repair are harbored in the bone perivasculature (39) and upon receiving a signal (one of which is stromal derived factor-1 (38)) travel through the marrow capillaries (37) or neovasculature (40) to the site of injury or stress.
Here, we used genetic ablation to study the role of the A2BAR in bone homeostasis and repair in vivo and examined the potential mechanisms that were involved using in vitro studies of MSC differentiation. We present direct evidence that the A2BAR plays a role in osteoblast differentiation. We have also demonstrated that activation of this receptor with a pharmacological agonist can enhance osteoblast differentiation. This effect is likely due to the modulation of levels of the transcription factors essential for osteoblast differentiation, Runx2 and Osterix. This claim is supported by previous data demonstrating increased osteoblast differentiation with the overexpression of either Runx2 (41) or Osterix (42) . Of note, however, the effect of A2BAR activation on osteoblast differentiation is much milder than the effect of this receptor ablation (compare Figs. 1  and 2 ). This raises the possibility that the receptor influences these processes independent of its activation, e.g. via its potential association with other regulatory pathways or proteins yet to be explored, which would be lost upon receptor deletion.
Genetic deletion of the receptor impacted bone fracture callus development and likely delayed normal fracture physiology. It had long been accepted that the low affinity A2BAR plays an important role in tissue injury, because extracellular adenosine levels increase after various types of stress/injury and in various organs (reviewed in Ref. 43 ). Many studies of bone have examined extracellular concentrations of ATP and ADP and the expression of their receptors, P2X and P2Y (17) . Extracellular ATP concentrations increase after bone injury, and when exposed to hypoxic conditions, osteoblasts secrete ATP in the high nanomolar to micromolar range (44) . This ATP is catabolized by ectonucleotidases that are also expressed on osteoblasts (18) . Of note, it was recently demonstrated that genetic ablation of the ectonucleotidase CD73, an enzyme upstream of A2BAR signaling (by converting AMP to adenosine), results in osteopenia and decreased osteoblast differentiation (45) . Although we too demonstrate diminished osteoblast differentiation ex vivo in A2BAR KO samples, it is likely that this explains only part of the reduced bone density in the fracture callus. Fracture healing is complex, and the A2BAR may have a role in other stages of the process, such as the inflammatory response. This possibility should be considered in the context of fracture healing because inflammatory cytokines, particularly TNF-␣, have been shown to down-regulate the expression of the osteoblast differentiation genes Runx2 (46) and Osterix (47) . Also, A2BAR KO mice tend to display a mild increase in the levels of inflammatory cytokines at base line, and more so postvascular injury, partially attributed to cAMP modulation of macrophage expression of cytokines (19, 23) .
Our current study also points to a potential role for A2BAR signaling in the regulation of callus cartilage density postinjury. Others have documented A2BAR expression in chondrocytes (48), the source of cartilage, as well as the role of cAMP signal- ing in preventing (49) and promoting (50) their differentiation. It would be interesting in the future to examine the potential effect of A2BAR expression on the development of embryonic and adult chondrocytes. Finally, our study is the first to describe a role for the A2BAR in bone development and homeostasis. Intriguingly, the bone phenotype of the A2BAR KO mouse is similar to observations made in the PTH receptor KO mouse (51), suggesting a possible synergy between the two receptors during bone development. We found that genetic ablation of the A2BAR causes a significant decrease in the early (4-week-old) development of trabecular bone; however, the differences normalize by 8 weeks of age. The genesis of trabecular bone depends on the differentiation of cells of multiple lineages, including osteoblasts, and the coordinated action of these cells (52) . Impairment in osteoblast differentiation in the A2BAR KO mouse may impact the development of the perichondrium and at least partially explain the reduced trabecular bone formation in the A2BAR KO. The lack of difference in trabecular bone in older mice (8 and 15 weeks old) may be due to the diminished contribution of stem cell differentiation on trabecular bone homeostasis at these ages. In addition, our findings that the A2BAR KO femurs are shorter, with a trend toward increased height of the hypertrophic zone and entire growth plate, are consistent with the effects of removing the perichondrium during endochondral bone development (52) . Therefore, A2BAR deletion may be delaying periosteal development with subsequent consequences on endochondral ossification and growth plate regulation. Future investigation of skeletal development in the A2BAR KO mouse could test these hypotheses. Taken together, our results identified the A2BAR as an important regulator of osteoblast transcription factor expression and of MSC differentiation to osteoblasts, as well as a regulator of bone homeostasis and fracture physiology.
